After chromosome replication, sister chromatid copies are generally thought to segregate randomly to daughter cells. However, sister chromatids differ in their DNA strands, with each chromatid inheriting one older strand that is paired to a newly synthesized strand. Genetic analysis with a homologous chromosome pair indicated nonrandom chromatid distribution in embryonic stem cells. Biased segregation pattern was also found in all 100 endoderm cells examined, but not in any of the 165 neuroectoderm cells. In contrast, the mesoderm, cardiomyocyte, and pancreatic cells exhibited a random mode of segregation. Strand distribution mechanisms regulated by cell type may have consequences for cellular differentiation and for evolving strategies for developmental mechanisms. E ach chromosome replication produces two paired daughter chromosomes, called chromatids. The WC ¶ chromatid contains the Bolder[ BWatson[ strand as it is derived from the parental chromosome and the newer, complementary BCrick[ (C ¶; ¶ indicates newer strand) strand, so the sister W ¶C chromatid contains a newer W ¶ and an older C strand (Fig. 1) . One chromatid from each chromosome is delivered to each daughter cell during mitosis. The chromatids from a homologous pair of chromosomes are distributed randomly to daughter cells, where they are again referred to as chromosomes. A recent embryonic stem (ES) cell chromosome (Chr 7) recombinants study (1) was said to indicate selective sorting of DNA strands in mitosis (2) . Cairns_ theory for segregating Boldest[ DNA strands of all the chromosomes to asymmetrically self-renewing Bstem[ cells was proposed previously as a device to protect cells from inheriting DNA replication errors so as to avoid future cancer development (3) . Another theory for cellular differentiation exploiting the sequence differences between DNA strands (4), the somatic strand-specific imprinting and patterned segregation (SSIS) model, was said to produce nonequivalent daughter cells in mitosis for development (2, 5) . The model postulated a selective segregation mechanism in which one daughter cell inherits WC ¶þWC ¶ and the other inherits W ¶CþW ¶C chromatids from homologs of a specific chromosome. That is, by specifying parental Bolder[ chromosome strands to simplify their presentation, the term WW:CC ( Fig. 1 ) was coined to indicate a nonrandom strand-chromatid segregation pattern (2).
We asked here whether the chromosomespecific nonrandom strand segregation process exists in biology. We are not aware of any study designed specifically to determine the strand distribution of a specific chromosome. We fortuitously noted an unusual result in a recent study in which all 432 Chr 7 mitotic recombinants had become homozygous for a marker located distal to the crossover point in mouse ES cells. It was postulated that the Loxp-Cre-induced mitotic recombination system that was used might have somehow nonrandomly placed recombinant chromatids at the metaphase plate, causing them to segregate away from each other and resulting in homozygosis (1) . An alternative model (2) advanced was that ES cells might inherently follow a nonrandom pattern, such as the WW:CC pattern diagrammed in Fig. 1 . It was further speculated in the SSIS model that mechanisms for alternative segregation patterns may have evolved and that different sets of chromosomes might follow specific distribution patterns in different cell types. We asked here whether the cell type regulates the Chr 7 segregation pattern in mouse cells. Indeed, it does.
We used the model (1) consisting of recombination cassettes introduced near the Chr 7 centromeres in DT1E9 cells ( fig. S1 ). Both cassettes contain complementary but nonfunctional halves of the human hypoxanthine phosphoribosyl transferase (HPRT1) minigene, with a Loxp recombination site embedded in the HPRT1 gene_s second intron. Interchromosomal recombination between Loxp sites in each cassette produced an intact HPRT1 minigene that was scored by the ability of Hprt-deficient ES cells to grow in HAT (hypoxanthine, aminopterin, and thymine) medium (HAT resistance, HAT r ). The strand segregation pattern of recombinants was followed both by molecularly monitoring the Snrpn gene_s promoter region Bepialleles,[ located distal to the crossover point near the tip of the chromosome, by Southern analysis, and by assessing phenotype of drug markers contained in the recombination cassettes ( fig. S1 ). The paternal (P) and the maternal (M) epialleles were distinguished by analyzing the differentially methylated parentof-origin-specific Bimprinting[ state due to cytosine base methylation at a specific Sac II restriction site of the Snrpn gene_s promoter region, as described previously (1) .
Because limited proliferation expected of differentiated cell lines prohibited our study, we generated a simian virus 40 (SV40) containing the large T-antigen gene (Phoenix retroviral expression system); its integration into the genome is known to help proliferation of mouse cells (6) . The transformed ES line was used to derive six differentiated cell lines by Bin vitro[ differentiation (materials and methods in the supporting online material). Their differentiation was diagnosed by monitoring both expression of cell type-specific protein markers with immunofluorescence microscopy ( Fig. 2 ) and morphological changes (7) .
We wanted to know whether cell type affects strand segregation pattern. A previous study (1) observed that all HAT r recombinant cell cultures tested had become homozygous EM/M or P/P, respectively, depending on whether the cell line used contained D5 ¶-cassette ( fig. S1 ) in the maternal or the parental chromosome^for the Snrpn epiallele marker (Fig. 1) . As a control, we first found that all 20 individual colony-derived cultures analyzed from each cell type maintained P/M heterozygosis (7). This indicated that the T-antigen gene did not interfere with the epialleles_ stability during cellular proliferation. As another control for the results to be presented below and to assess how well the conclusions of the previous study (1) can be generalized, we examined the segregation pattern of virally infected ES recombinants. The viral integration did not affect the deduced WW:CC segregation pattern, because all 20 HAT r recombinants fig. S1 ), and the WW:CC pattern is reflected by the HAT r M/M recombinant. Note that only WC ¶ and W ¶C chromatids must have recombined in G 2 phase in the examples diagrammed here. Alternatively, should recombination be restricted to both WC ¶ or both W ¶C chromatids, the M/P HAT r recombinants will result from the WW:CC pattern and M/M HAT r ones from the WC:WC pattern (not diagrammed). To help follow strand distribution, the parental W is colored green, parental C in red, and the newest strands are represented by brown (C ¶) and blue (W ¶) colors. The crossover is indicated as X; P is paternal Snrpn epiallele, M, maternal epiallele; and ellipses represent centromeres. tested had become M/M homozygous (Fig. 3) . This result confirmed the previously described pattern observed with standard ES cells (1) .
Additionally, only the WW:CC pattern was found in all the 100 endoderm cells examined (Fig. 3 ). In contrast, among 100 recombinant cultures examined for each class of pancreatic, mesodermal, and cardiomyocyte cells, about one-third of them were of the P/M type ( Fig. 3;  table S1 ). Moreover, the neuroectoderm recombinants showed yet another potentially nonrandom pattern in which all 165 cells analyzed maintained the P/M constitution (Fig. 3) . In accord with the identification of P and M markers through Southern analysis, all HAT r recombinant cultures exhibited the predicted puromycin and neomycin marker phenotypes ( fig. S1 ). As the recombination frequency in cells was G1.0 Â 10 j3 (1) (table S1) and the Cre gene expression was transient (see SOM), recombination in the G 2 phase in a given cell likely involves not more than two of the four chromatids. Because of differentiation by HAT resistance, only recombination between nonsister chromatids will be selected with this procedure. These recombinants from multiple experiments were pooled for the analysis.
The segregation pattern of P/M recombinant cultures can be explained by a combination of three possibilities. First, recombination could have occurred in the G 1 phase of the cell cycle (8) , and such cases would be unrelated to the strand segregation issue addressed here ( fig. S1 ). Two other nonrandom segregation possibilities after G 2 recombination have been detailed in Fig. 1 . Curiously, all 165 neuroectoderm recombinant cultures were of the P/M type (Fig. 3) . There is no reason to presume that all P/M recombinants in all cultures only originate from G 1 events. Moreover, for only P/M type to arise by G 1 recombination would require an unlikely possibility in which Chr 7 strands always follow the nonrandom pattern in all cell types. Therefore, it would not be surprising if neuroectoderm cells always followed one of the two nonrandom patterns described in Fig. 1 . Thus, in principle, all hypothetical possibilities of WW:CC, WC:WC, and random patterns of chain segregation might exist in different cell types. Equally interesting possibilities are where recombination may be restricted to the G 1 or to the G 2 phase, may occur in both phases, or may occur only between two specific nonsister chromatids. Our results do not distinguish between these very interesting possibilities. We suggest that regulation of chromatid distribution to progeny cells occurs irrespective of recombination occurring between the homologs. We imagine that such recombination constraints are imposed by such a chromatid distribution mechanism itself. In this context, it is noteworthy that similar analysis of Chr 11 produced both P/M and M/M recombinants, whereas Chr 7 recombinants were only of the M/M type in ES cells (1) . Thus, despite the G 1 caveat discussed above concerning Chr 11 P/M recombinants, different chromosome-specific segregation patterns might be predicted in cultures of the same cell type. Taken together, our data support a model where distribution of nonrandom Chr 7 strands occurs in at least some cell types, and we presume it to be random in others.
Following an explanation advanced to explain similar results with Drosophila (8, 9), Liu et al. (1) explained the M/M homozygosis result discovered in ES cells by postulating a process like meiotic-reduction-division 1, in which sister chromatids remain attached and segregate together to one pole of the mitotic spindle after recombination. We believe such a model is unlikely, as it makes an unusual requirement: that chromatid segregation in mitosis occurs through chromosome regions other than the centromeres. Also, this constraint is unlikely to be imposed by two different site-specific recombination systems; the Cre system in mouse and the FLP/FRT system in Drosophila studies. Moreover, this constraint recombination in all other cell type cultures should have followed the same biased segregation pattern. However, results of the present study showed varied segregation patterns of Chr 7. In contrast, the selective strand segregation model is in accord with the centromere_s usual role in segregation (Fig. 1A) . From these considerations, it was proposed previously that the Chr 7 selective strand segregation process normally operates in mouse ES cells (2) . The present study advances that notion and suggests that the pattern is not invariant, as it changes with the cell type in very interesting ways. A handful of studies concerning the entire genome investigated segregation of base-labeled strands in diverse systems and observed indications of both nonrandom (11, 12) and random (12, 13) distribution patterns. The Cairns Bimmortal strand[ model (3) has obtained considerable support from recent studies (14) (15) (16) (17) (18) (19) . Rather than entire genomic strands segregating in a specific way, in addition being distinguished in age as template versus newly replicated strands, and involving asymmetric cell divisions in the Cairns model, the SSIS model instead proposes a cell typeregulated chromosome and Watson versus Crick strand-specific segregation process operating in symmetric cell divisions. Mechanisms of both models remain to be worked out. We point out that the WW:CC pattern is consistent with the SSIS model, and both WW:CC and WC:WC patterns are consistent with the Cairns model should all chromosomes follow the specific pattern during an asymmetric cell division. The SSIS model describes a mechanism for development of diploid organisms by judiciously exploiting developmentally installed epigenetic controls installed in somatic lineages for regulating developmentally important genes. We propose that the selective chromosomespecific segregation process might constitute an important mechanism for cellular differentiation and for evolving developmental mechanisms. .S conversion to mesoderm cells. The published procedure was used (S2). To identify a cell type marker by immunofluorescence, the mouse FE-C6 antibody (Hybridoma Bank), which binds to the surface of early mesodermal cells, was used at a 1/100 dilution of the original stock.
.S conversion to cardiomyocytes. We used a protocol described previously (S3). The two antibodies used to determine cardiomyocyte differentiation were the mouse monoclonal antialpha smooth muscle actin antibody at a 1/400 dilution and a polyclonal rabbit anti-desmin at a 1/10 dilution (both from SIGMA). (Table S1 ). The cell cultures were then dissociated and allowed 48 hours growth period to recover from lipofection procedure, followed by 48 hours incubation in 1×HT (GIBCO BRL) medium to select HAT r recombinants.
At least 50 HAT r recombinant colonies appeared in each 100-mm dish from each cell line. Such colonies were derived from multiple experiments. The individual recombinants (about 100 tested) were then singled into individual wells of 24-well tissue culture dishes (100 mm, coated with 0.1% gelatin) and allowed to grow for 10-15 days. We did not use any feeder cells to avoid any background in Southern analysis. Then, the culture of each well was split into three wells, one for DNA extraction, and two for testing Puro r and Neo r markers. As before (S5), no background HAT r recombinant colonies were found without introducing the Cre-recombinase plasmid in all cell lines. There was perfect correlation observed between Southern results identifying P and M epialleles and the drug markers phenotype in all the HAT r recombinants.
Thus, analogous to the analyses of the previous study (S5), we analyzed predominantly independent recombination events where each culture originated from a single crossover event. 
